Abstract. The platelet-derived growth factor (PDGF) system is expressed and can exert its biological role in the male reproductive system including the maintenance of morphological structure and function of the epididymis. The aim of this study was to clarify the relationship between the PDGF system and seasonal changes in morphology of the wild ground squirrel epididymis during the breeding and nonbreeding seasons. Hematoxylin-eosin (HE) staining was used to observe the epididymal morphology and histology. Immunohistochemistry and Western blotting were performed to detect the immunoreactivities of PDGF-A and B and PDGFR-α. Significant seasonal changes in epididymal morphology were observed in the breeding and nonbreeding seasons. The proportions of the three compartments (interstitial tissue, epithelium and lumen of the duct) revealed distinct variances. Strong immunostaining of PDGF-A was present in the myoid cell and on the sperm in the breeding season, whereas there was a faint signal in the myoid cell in the nonbreeding season. PDGFR-α was expressed in all cell types of the epithelium throughout the whole seasonal cycle, and immunostaining of PDGFR-α in the breeding season was significantly stronger compared with that of the nonbreeding season. PDGF-B was not detected in the epididymis of wild ground squirrels. These results suggested that seasonal morphological changes in epididymis were correlated with immunoreactivities of PDGF-A and its receptor PDGFR-α and that PDGF-A and PDGFR-α might function as paracrine, autocrine or apocrine factors in wild ground squirrels. Key words: Epididymis, Immunoreactivity, PDGF-A, PDGFR-Α, Wild ground squirrel (J. Reprod. Dev. 58: [353][354][355][356][357][358][359] 2012) T he mammalian epididymis plays an important role in preparing male germ cells for fertilization [1] . On the basis of histological and ultrastructural differences, the epididymis can be grossly divided into three regions including the caput, corpus and cauda epididymis. Each region of the epididymis has a different function: the caput and corpus carry out early and late sperm maturational events, respectively, while the cauda region primarily serves as a storage site for functionally mature spermatozoa [2] . As a main male accessory reproductive organ, the epididymis is highly responsive to androgen. Castration could induce a remarkable decrease in weight and function of the epididymis [3] . Besides, recent studies on the ERKO [4, 5] and anti-estrogen [6, 7] effects on male reproduction showed that estrogen also plays an important role in maintaining the function of the epididymis.
T
he mammalian epididymis plays an important role in preparing male germ cells for fertilization [1] . On the basis of histological and ultrastructural differences, the epididymis can be grossly divided into three regions including the caput, corpus and cauda epididymis. Each region of the epididymis has a different function: the caput and corpus carry out early and late sperm maturational events, respectively, while the cauda region primarily serves as a storage site for functionally mature spermatozoa [2] . As a main male accessory reproductive organ, the epididymis is highly responsive to androgen. Castration could induce a remarkable decrease in weight and function of the epididymis [3] . Besides, recent studies on the ERKO [4, 5] and anti-estrogen [6, 7] effects on male reproduction showed that estrogen also plays an important role in maintaining the function of the epididymis.
It is now widely reported that a group of polypeptide growth factors play vital roles in mediating the androgen/estrogen-regulated process [8] [9] [10] [11] [12] . The platelet-derived growth factor (PDGF) is one of them. PDGFs are members of the PDGF/vascular endothelial growth factor (PDGF/VEGF) family, which comprises a series of 30-to 34-kd homodimers and heterodimers formed by a combination of 4 polypeptides, PDGF-A, B, C and D, and bind to two different receptors, α and β [13, 14] . PDGF-A and B have been proved to play an important role in several reproductive tissues. In the mouse uterus and vagina, PDGF-A and B act as potential mediators of estrogen action [15] . In males, through complex interactions, PDGF-A and B could play a leading role in ontogenesis and testicular pathophysiology [16] . In addition, in Pdgf-a −/− mice, circulating testosterone was not detectable, confirming that the spermatogenic arrest and germ line apoptotic regression in these animals were mediated by androgen deficiency [17] . The tissue-specific expression patterns of the two isoforms of PDGF-A mRNA were identified in mouse epididymis [18] . Furthermore, with PDGF-A, PDGF-B and PDGF receptor β deficient mice, Basciani et al. found that the PDGF systems (mainly refer to PDGF-A and B) were involved in the maintenance of morphological and functional control of this organ [19] .
The wild ground squirrel is a typical seasonal breeder that has a breeding season from April to May, followed by a long period of sexual dormancy from June to the following March [20] . The seasonal switch of the reproductive system between the breeding and nonbreeding seasons provides us a unique model to study the functional regulation of the male reproductive tract. Previously, we have reported that seasonal spermatogenesis was correlated with the expression pattern of inhibin/activin subunits and steroidogenic enzymes (P450c17 and P450arom) in the testis of the wild ground squirrel [21, 22] . To our knowledge, there are few studies focusing on the seasonal variation of the epididymis or the function of the PDGF system in the epididymis of wild rodents. Thus, the aim of the present study was to clarify the involvement of the PDGF system in the regulation of epididymal morphological change in wild ground squirrels during the breeding and nonbreeding seasons.
Materials and Methods

Animals
Forty-six wild male ground squirrels that were thought to be adults based on their body weights (242-412g) were captured from April to September of 2010 in Hebei Province, China. Three adult male rats were used as positive controls. After anesthesia, all animals were killed by decapitation. The epididymides and testes were excised from each body, and epididymal size was measured in length (mm) after necropsy. The obtained epididymal and testicular tissues were fixed in Bouin's solution for histological and immunohistochemical observations or rapidly subdivided into three separate regions (caput, corpus and cauda), weighed and immediately stored at -80 C until protein extraction. All procedures on animals were carried out in accordance with the Policy on the Care and Use of Animals of the Ethics Committee of Beijing Forestry University and approved by the Department of Agriculture of Hebei Province, China (JNZF11/2007).
Histology
Epididymal and testicular samples were dehydrated in an ethanol series and embedded in paraffin wax. Serial sections (4 μm) were mounted on slides coated with poly-L-lysine (Sigma, St. Louis, MO, USA) and stained with hematoxylin-eosin (HE) for observation of general histology. All sections in this study were assessed using an Olympus microscope (BX51, Tokyo, Japan), Canon camera (DS126181, Tokyo, Japan) and the Image-Pro Plus 6.0 image analysis system (Bethesda, MD, USA).
The efferent ductules and epididymis of the wild ground squirrels were divided into 6 parts: segments 1-6 (S1-6). S1 was located in the efferent ductules, Segments 2-3 were located in the caput, segment 4 represented the corpus and segment 5-6 represented the cauda epididymis. To assess the proportions of the three compartments, interstitial tissue, epithelium and lumen of the duct, an approach was used as previously described by Schoen et al. [23] .
Immunohistochemistry
The serial sections of epididymis were incubated with 10% normal goat serum to reduce nonspecific binding of primary antibodies and background staining caused by the secondary antibody. The sections were incubated overnight in a moist chamber at 4 C with 1:300 dilutions of the primary antibodies. The following antisera were used: mouse monoclonal antibody raised against amino acids 135-211 mapping at the C-terminus of PDGF-A of human origin (Santa Cruz Biotechnology, Santa Cruz, CA, USA), affinity purified rabbit polyclonal anti-PDGFR-α (Santa Cruz) and PDGF-B (Bioworld Technology, Minneapolis, MN, USA). The sections were then incubated with a secondary antibody (goat anti-mouse IgG for PDGF-A or goat anti-rabbit IgG for PDGFR-α and PDGF-B) that conjugated with biotin and peroxidase with avidin using an ExtrAvidinTM staining kit (Sigma), followed by visualization with 30 mg 3,3-diaminobenzidine (Wako, Tokyo, Japan) solution in 150 ml of 0.05 mol Tris-HCl buffer, pH 7.6, plus 30 μl H 2 O 2 . Finally, the reacted sections were counterstained with hematoxylin solution (Merck, Tokyo, Japan). The negative control sections were treated with primary antisera that were blocked by overnight incubation at 4 C with 50 μg peptide/ml antigen at working concentration (sc-4946 for PDGF-A and sc-4031 for PDGFR-α, Santa Cruz; BS1290 for PDGF-B, Bioworld).
Western blotting
Frozen epididymal tissue was diced into small pieces using a clean razor blade. Tissue was homogenized in a homogenizer containing 300 µl of 10 mg/ml phenylmethylsulfonyl fluoride (PMSF) stock and incubated on ice for 30 min, maintaining the temperature at 4 C throughout all procedures. Homogenates were centrifuged at 12,000 ×g for 10 min at 4 C. Protein extracts (25 μg) were mixed with an equal volume of 2 × Laemmli's sample buffer (4% SDS, 20% glycerol, 10% 2-mercaptoethanol, 0.004% bromphenol blue, 0.125 M Tris HCl, pH=6.8). Equal amounts of each sample were loaded and run on a 12% SDS-PAGE gel at 18 V/cm and transferred to nitrocellulose membranes using a wet transblotting apparatus (Bio-Rad, Richmond, CA, USA). The membranes were blocked in 3% BSA for 1 h at room temperature. Primary incubation of the membranes was carried out using a 1:300-500 dilution of mouse monoclonal antibody raised against amino acids 135-211 mapping at the C-terminus of PDGF-A of human origin (Santa Cruz) and affinity purified rabbit polyclonal anti-PDGFR-α (Santa Cruz) for 60 min. Secondary incubation of the membrane was then carried out using a 1:1000 dilution of goat anti-mouse IgG tagged with horseradish peroxidase for PDGF-A or goat anti-rabbit IgG tagged with horseradish peroxidase for PDGFR-α, both for 60 minutes. Finally, the membrane was colored with 25 mg 3,3-diaminobenzidine (Wako) solution in 25 ml TBS-T buffer (0.02 M Tris, 0.137 M NaCl, and 0.1% Tween-20, pH 7.6) plus 3 μl H 2 O 2 . β-actin was used as a constitutively expressed protein product for comparison of PDGF and PDGFR-α protein abundance between samples. The negative control was treated with primary antisera that were blocked with corresponding antigen peptides (sc-4946 for PDGF-A and sc-4031 for PDGFR-α, Santa Cruz).
Statistical analysis
Mean values (± SD) were calculated and analyzed using one-way ANOVA. Duncan's multiple comparison tests were used for detection of significant differences using the SPSS computer package.
Results
Morphological change
The seasonal change in epididymal size in wild male ground squirrels is shown in Fig. 1a and b. The highest value for epididymal length was found during the breeding season in May (mean value = 20.37 ± 1.00 mm), and the lowest value was found during the nonbreeding season in July (mean value = 8.09 ± 0.68 mm). There was a significant seasonal change in epididymal length between the breeding and nonbreeding seasons (P<0.05), as shown in Fig. 2 .
Histological change
To indicate the regression taken place in the male reproductive tract during the seasonal transition, we first examined the testicular histology of these two periods. Marked seasonal changes were observed in the histological appearance of the seminiferous epithelium between the breeding and nonbreeding seasons (Fig.  3) . The entire spermatogenic cell population from spermatogonia to spermatozoa was present in the breeding season during May (Fig. 3a) . In the nonbreeding season, a few spermatogonia and spermatocytes were found in the seminiferous tubules (Fig. 3b) .
Representative pictures of the seasonal change in the different parts of the epididymis are shown in (Fig. 4) . In the breeding season, efferent ductules showed a single layer of epithelial cells along with some apical cells and basal cells. The epithelial height of S1 was the lowest compared with the other segments. S2 was characterized as containing multiple layers of taller epithelial cell compared to S1, and the nuclei of the cells were located from the middle of the cell to the base membrane. S3 possessed a lager lumen and taller epithelium compared with S2 and the nuclei of the cells were concentrated in the bases of the cells. The epithelial part of S4 was similar to that of S2, and the diameter of the lumen was as large as that of S3. S5 presented a low, single layer epithelial cells, including some basal cells. Meanwhile, abrupt enlargement of the lumen was shown in S5. S6 was the connection between the epididymis and vas deferens, which presented a fold structures feature of the epithelium with the largest lumen. Notably, a thick layer of myoid cells were found in this segment. In addition, a number of sperm were present in the lumen of the epididymal tubes from the S1 to S6. Conversely, in the nonbreeding season, the whole epithelium lining the efferent ductules and the epididymis appeared more compact. Epithelial and luminal compartments were regressed severely. The nuclei of epithelial cells nearly filled the entire cell. No sperm was found in the lumen. The proportion (in %) of the different functional compartments (lumen, epithelium, interstitial/connective tissue) within the epididymis revealed distinct variances between the breeding and nonbreeding seasons (Fig. 5) .
Immunocytochemistry
Immunohistochemistry for PDGF-A, PDGF-B and PDGFR-α was performed in the epididymis during the breeding and nonbreeding seasons, respectively. Marked seasonal changes in immunolocalization of PDGF-A and PDGFR-α were observed between the breeding and nonbreeding seasons. PDGF-A was immunolocalized intensely in myoid cells and interstitial cells of the whole epididymis during the breeding season (Fig. 6a, b, c) . Meanwhile, in lumina, some sperm were immunostained (Fig. 6g and g') . During the nonbreeding season, weak immunostaining was observed in myoid cells (Fig. 6d,  e, f) . In the positive control with rat epididymis (h), PDGF-A was immunolocalized in epithelial cells of the epididymal tube and the 
Fig. 2.
Seasonal changes in epididymal length in wild male ground squirrels. Six to eight samples were taken in each month. The highest value was found during the breeding season in May (mean value = 20.37 ± 1.00 mm), and the lowest value was found during the nonbreeding season in July (mean value = 8.09 ± 0.68 mm). Different letters denote statistically significant values (P<0.05). vascular smooth muscle cells, which was consistent with a previous report [19] . The most extensive immunostaining of PDGFR-α was present in epithelial cells throughout the whole epididymis (Fig. 7a , b, c) and the epididymosome-like structures of the corpus and cauda (Fig. 7b, g ) epididymis during the breeding season. Besides, in the cauda epididymis, intense immunostaining was found in the myoid cells (Fig. 7c) . The immunohistochemical reaction for PDGFR-α was weak in epididymal tissues during the nonbreeding season (Fig.  7d, e, f) . In the positive control with rat epididymis (h), PDGFR-α was immunolocalized in the epithelial and interstitial parts, again in accordance with a published report [19] . Immunostaining for PDGF-B was not detected in epididymal tissues during the breeding and nonbreeding seasons (data not shown).
Western blotting
The results of Western blotting analysis for PDGF-A and PDGFR-α in the epididymis of the breeding and nonbreeding seasons are shown in Fig. 8 , respectively. A strong positive signal of PDGF-A was detected in protein extracted from the caput, corpus and cauda epididymis in May (Fig. 8a) , and a weak signal was detected in the corpus epididymis in July (Fig. 8a) . For the PDGF-A antibody, a band was detected in the epididymis that migrated to a position of about 17 kDa, which is the typical PDGF-A monomer according to the manual for this antibody. On the other hand, a strong positive signal of PDGFR-α (~170 kDa) was detected in protein extracted from the caput to cauda epididymis in May (Fig. 8b) , and a weaker signal was detected in July (Fig. 8b) . The molecular weight of each band detected was consistent with the manufacturer's specifications for the corresponding antibody. In the positive control with rat epididymis, a band migrated to approximately the same position as in the wild ground squirrel epididymis (lane P), while no signal was found in the negative control using an antibody blocked with the respective antigen (lane N).
Discussion
This was the first report that described the seasonal variation of the epididymis and the expression of the PDGF system within the epididymis of wild ground squirrels. The results of the present study demonstrated a seasonal morphological change in the epididymis of wild ground squirrels, with it inflating during the breeding season and shrinking during the nonbreeding season. Meanwhile, the immunoreactivity of the PDGF system in the epididymis varied seasonally as well. These findings suggested that seasonal changes in epididymal morphology and histology were closely associated with the immunoreactivity of the PDGF system in wild ground squirrels. In seasonal breeders, the morphology and function of the epididymis change is synchronized with testicular tissue and spermatogenesis [23] [24] [25] [26] . The present study revealed that similar to the testis [21, 22] , epididymal morphology also showed a significant seasonal change throughout the year. In the breeding season, the size of the epithelial cell was larger than that of the nonbreeding season. The nuclei accounted for little volume of the cell in the breeding season but most of the volume in the nonbreeding season. These results suggested that in the breeding season, the cells of the epididymal epithelium were rich in organelles and the efficiency of metabolism and secretion stayed at a high level, whereas in the nonbreeding season, to avoid unnecessary energy consumption, the metabolism level sharply decreased. This is an efficient strategy to ensure energy metabolism and successful breeding as an adaptation to the annually changing conditions in their habitat [27] . Meanwhile, these findings were also similar to the observations in roe deer [23] , viscacha [25, 28] and mountain cavy [24] . In roe deer, the epididymal duct with its surrounding tissue expanded as the breading season approached. The enlargement of the caput was primarily caused by growth of the epithelial compartment, whereas in the cauda, it was predominantly attributed to dilatation of the lumen [23] . In viscacha, the corpus and cauda were the most sensitive segments to changes induced by the photoperiod, and spermatogenesis did not cease during the regression period [25, 28] . In mountain cavy, a decrease in the weight of the testis and epididymis was found during the nonbreeding season, which was independent of the change in body weight [24] . Taken together, we suggested that a cyclical alteration in the growth and involution of the epididymis may be universal in seasonal breeding mammals. Moreover, these basic data of seasonal morphological changes could be useful in the further study of epididymal function [23] . The role of PDGF system in the epididymis has been studied in experimental animals recently and was found to be maintenance of the morphology and fuction of the epididymis [19] . In the present study, PDGF-A and PDGFR-α were expressed in epididymal tissue of the wild ground squirrel, showing the possible secretion of dimeric and bioactive PDGF-AA in epididymal tissues. The mesenchymal localization of PDGF-A and epithelial localization of PDGFR-α in the ground squirrel epididymis also indicated a PDGF-A/PDGFR-α paracrine interaction between epithelial and mesenchymal cells. In addition, the myoid cells of the cauda epididymis expressed both PDGF-A and PDGFR-α in the breeding season, which suggested an autocrine pattern in these cells. Interestingly, a kind of small membranous vesicles secreted in an apocrine manner in the intraluminal compartment of the epididymis named epididymosomes were proved to play a major role in the acquisition of new proteins by maturing spermatozoa [29] . In the present study, PDGF-A was expressed on the sperm, while the epithelium of the epididymis was immunonegative, suggesting that PDGF-A might be synthesized by sperm itself. Meanwhile, as the epididymosome-like structures of epithelial cells of the corpus and cauda expressed PDGFR-α, the epithelium-synthesized PDGFR-α might be transported to sperm by the epididymosome-like structures, triggering ligand/receptor binding and downstream signaling pathway activation, which may contribute to the main function of the epididymis, sperm maturation and storage. On the other hand, PDGF was considered to be a principal survival factor that inhibits apoptosis and promotes proliferation [30] . In a study of Pdg f-a KO mice, some severe phenotypic alterations appeared in the epididymis, including reduction of the lumen and disappearance of microvilli [19] . These changes were very similar to our observation within the wild ground squirrel's seasonal transition, during which the highest immunoreactivity of PDGF-A and PDGFR-α was present in the breeding season as the epididymal size reached the highest value, implying that PDGF-A might inhibit apoptosis and promote proliferation of the epithelial cells in the breeding season. However, during the nonbreeding season, as the PDGF secretion decreased, the proliferative and anti-apoptotic PDGF effect declined accordingly.
Growing evidence has indicated that steroid hormones are critically involved in regulating the function of the male reproductive tract, which is also meditated by cytokines and growth factors [8, [10] [11] [12] . The PDGF pathway could control multiple steroidogenic lineages by interacting with its target genes in both males and females [31] , and an interdependent relationship between PDGF and estrogen has been proved [32] . Both PDGF and estrogen can stimulate gonocyte proliferation in vitro separately, but inhibition of PDGF receptor kinase activity or estrogen receptor suppressed not only PDGF-induced proliferation but also that induced by 17 beta-estradiol [31] . Our published results have indicated a strong ability for androgen and estrogen synthesis in the breeding season that decreased distinctively during the nonbreeding season in testes of the wild ground squirrel [22] . Taken together, the present results suggested that the action of steroid hormones in the wild ground squirrel epididymis might be mediated by the PDGF system. Future work will investigate the levels of steroid hormones and their receptors to further elucidate their relationship with the PDGF system during the annual reproductive cycle. In summary, the seasonal morphological change in the epididymis was correlated with immunoreactivity of PDGF-A and its receptor PDGFR-α in wild ground squirrels. PDGF-A and PDGFR-α might be involved in the regulation of epididymal cellular activities through a paracrine/autocrine manner. A PDGF-A/PDGFR-α apocrine secretion pattern might be involved in the maturation and storage of spermatozoa during the breeding season. The natural process of the seasonal switch between the breeding and nonbreeding seasons in the wild ground squirrel epididymis provides a useful model to understand the regulation played by local growth factors.
